Abstract. Silicon films were deposited at moderate substrate temperatures (280-500 ° C) from pure silane and a silane-hydrogen mixture (10% Sill4, 90% H2) in a hotwire CVD reactor. The morphology, structure and composition of the samples were studied with scanning electron microscopy, transmission electron microscopy, transmission electron diffraction, X-ray diffraction, Raman spectroscopy and secondary ion mass spectrometry. The sample deposited at 500 ° C with pure silane has an amorphous structure, whereas the samples obtained from silane diluted in hydrogen have a polycrystalline structure, even that grown at the lowest temperature (280 ° C). Polycrystalline samples have a columnar structure with 0.3 1 gm crystallite sizes with preferential orientation in [220] direction. Deposition rates depend on the filament-substrate distance and range from 9.5 to 37 •/s for the polycrystalline samples. The high quality of the polycrystalline samples obtained makes the hotwire technique very promising. Moreover, it is expected to be easily scaled up for applications to large-area optoelectronic devices and to photovoltaic solar cells.
Since early studies on hydrogenated amorphous silicon (a-Si:H) deposition using heterogeneous Hot-WireChemical Vapour Deposition (HWCVD), also known as catalytic-CVD [1] [2] [3] [4] , much attention has been devoted to this method with the goal of obtaining good quality material, mainly for photovoltaic applications [5] [6] [7] [8] . HWCVD technology has the advantage of allowing high deposition rates (10 A/s as reported in the case of a silane-germane gas mixture [9] ). In this process the heated filament induces silane pyrolytic dissociations producing, in addition to silyl radicals, atomic hydrogen, which reacts with silane molecules to produce mainly Sill 3 radicals [3] .
As an alternative to a-Si: H thin films for the fabrication of solar cells, polycrystalline Si (poly-Si) films of 10 30 gm thickness have been suggested [10 12] . In fact, poly-Si films have a wide range of opto-electronic applications in large-area semiconductor devices, such as Thin-Film Transistors (TFT) used in active displays. Therefore, an effort is currently being directed to obtaining high-quality poly-Si thin films by low-temperature deposition on glass. One of the methods, known as SolidPhase Crystallization (SPC) [12] [13] [14] , combines PlasmaEnhanced Chemical Vapour Deposition (PECVD) of a-Si:H at moderate temperatures and long-time annealing in the 550-700° C range. This technique has been used to obtain poly-Si solar cells made from a Heterojunction with Intrinsic Thin layer (HIT) [14] .
Attempts to obtain poly-Si films by HWCVD using silane and silane-hydrogen mixtures have already been reported [15] [16] [17] . The most interesting result of these early experiments is the potential to grow these films, with good electronic properties, at low temperature (< 500 ° C) and high deposition rates. This would be a definitive advantage over the SPC method, since it would obviate the need for post-annealing.
Here we show that HWCVD may be used to obtain 10-30 gm thick poly-Si at fast growth rates and moderate temperatures, thus allowing the use of standard glass substrates. A set of five samples obtained with different experimental conditions was studied with Scanning and Transmission Electron Microscopy (SEM and TEM), Transmission Electron Diffraction (TED), X-ray Diffraction (XRD), Raman Spectroscopy and Secondary Ion Mass Spectrometry (SIMS).
Experimental
Five films (HW1 to HW5) were obtained in the HWCVD reactor shown in Fig. 1 . The main deposition parameters are listed in Table 1 . The filament, 1 mm thick and 150 mm long, was folded in order to cover the whole sample surface homogeneously. In all experiments the filament temperature was set to 1600 ° C, as measured by the filament was heated to 1600 ° C. For all experiments, the silane was introduced when the substrate reached a stable temperature. All films were morphologically and structurally characterized by SEM, TEM, TED, XRD and Raman spectroscopy. SIMS was used for the study of tungsten contamination. For TEM and TED analysis, plane-view and cross-section specimens were prepared. The microRaman spectrometer is equipped with a 514.5 nm Ar laser focused on a spot with a diameter of 0.7 gm. XRD analyses were performed in a powder diffractometer in the Debye-Scherrer geometry. The thicknesses were measured using a profilometer and SEM cross-section images•
Results and discussion
The study of the films obtained shows the possibility of growing large columnar crystalline structures at moderate temperatures and high deposition rates, and the influence on these structures of the silane dilution in hydrogen and of the substrate temperature• The growth rates and substrate temperature corresponding to all samples are shown in Table 1 .
When the filament-substrate distance (d) was increased from 1 to 4 cm, the substrate temperature (Ts) decreased from 500 ° C to 280 ° C. Moreover, the deposition rate decreased as d increased, due to the reduction of the solid angle of collection of active species and to gas-phase losses during diffusion between the hot reaction zone and the substrate.
Morphological and structural analysis
The effect of the hydrogen dilution has been studied by comparing two samples (HW1 and HW2). Sample HW1 an optical pyrometer. Fused silica substrates were placed on a graphite holder located close to the filament at a distance ranging from 1 to 4 cm. The substrate temperature was measured by a calibrated thermocouple attached to the substrate holder• The calibration for substrate temperature was previously obtained using a second thermocouple attached to the substrate.
The HWl sample was deposited from pure silane. The remaining samples were deposited from a mixture of 10 % silane and 90% hydrogen. In all experiments the pressure was 21 Pa. The silane flow ranged from 2-20sccm (Table 1) .
Before placing the substrates in the reaction chamber, the filament was heated to 2000° C and maintained at that temperature in a vacuum for 30 min. After that, the substrates were placed on the holder and the reaction chamber was evacuated to 2x 10 .4 Pa. For sample HWl, the filament was heated to 1600 ° C and then the chamber was filled with pure silane. For samples obtained from silane-hydrogen mixtures, the chamber was filled with hydrogen to the deposition pressure and then was grown from pure silane and HW2 from silane diluted in hydrogen at the same d and T0. The deposition rate of the former is four-fold higher than that of the latter.
The XRD spectrum ( Fig. 2 ) of sample HW2 shows the main crystalline silicon diffraction peaks. Moreover, its Raman spectrum (Fig. 3 ) presents a narrow high-intensity peak centered at 520 cm-1, which is characteristic of poly-Si [18] . The polycrystalline structure of the HW2 sample is therefore obvious. For sample HW1, the observation of wide low-intensity silicon diffraction peaks in the XRD spectrum and the broad enhancement at 480 cm-1 in the Raman spectrum suggests a dominant amorphous phase.
The integrated Raman-spectrum intensity of the crystalline part (I52o) relative to the intensity of the amorphous component (I4so) has been usually used to determine the fraction of crystallinity [19] . The absence of the 480 cm-1 peak in the Raman spectrum of sample HW2 reveals a dominant crystalline phase, whereas the absence of the narrow peak at 520 cm-~ in the HWl spectrum confirms its amorphous nature.
The effect of substrate temperature in the 500-280 ° C range has been studied through the analysis of samples HW2, HW3, HW4, and HW5 obtained at the same pressure and SiH4/H 2 fraction, but at different filamentsubstrate distance. The increase of this distance, in addition to the temperature change, has also produced a decrease in the growth rate.
In these experimental conditions, small differences have been observed in the cristallinity of the films obtained. The XRD and Raman spectra of all the samples show the characteristic peaks of crystalline structures (Figs. 2 and 3) . The relative intensities of diffraction peaks in the XRD spectra of these samples are similar. Moreover, when comparing these spectra with those of randomly oriented silicon, a [220] preferential orientation perpendicular to the substrate is observed in all samples.
The morphology and structure of the polycrystalline samples (HW2, HW3, HW4 and HW5) were studied by SEM. Figure 4 shows the cross-sectional and top view of samples HW2 to HW5. The cross-sectional views for all samples reveal a clear columnar structure. The top views for all samples show a structure formed by grains. The sample obtained at higher temperature (HW2) presents the larger grains with sizes ranging from 0.5 to 1 gin. For the other samples the grain sizes are smaller. This effect could be attributed to differences in substrate temperature (Ts) or thicknesses of the samples.
In order to obtain a more detailed characterization of crystalline microstructures, a TEM and TED study of sample HW3 was carried out (Figs. 5-7) . The crosssectional views confirm the columnar crystal growth already observed by SEM. Crystal columns are widely observed (Fig. 5a ). In Fig. 5b , a twinned crystal can be observed. The extension of the twin allows us to outline the size of the cristalline columns, which is larger than the view is wide (1.3 gin). The TED patterns of the cross section of sample HW3 (Fig. 6a, b) obtained from a selected area of 1 gm diameter consist of regulars spots, whereas the diffraction rings, typical of polycrystalline material with small crystals, were not seen (Fig. 6a) or appeared very weak (Fig. 6b) . Such diffraction patterns showing single-zone-axis reflections (Fig. 6a zone axis  [ 111] , Fig. 6b zone axis [-112] ) therefore corroborate the growth of films with large silicon crystals at T0= 400 ° C.
In order to find out the growth direction of the crystals, a plane-view TEM study, using an incident beam perpendicular to the substrate, was performed (Fig. 7a, b) . The crystals are needle shaped and range from 0.3 to 1 gm in lenght (Fig. 7a) . Nanodiffraction patterns of most tested crystals show a [110] orientation (Fig. 7b) in agreement with the results of XRD. Moreover, nanodiffraction patterns obtained along the length of the crystals always show the same zone axis [110] , which confirms monocrystallinity of the grains.
Tungsten contamination
Most of opto-electronic devices require a great semiconducting material purity. The study of sample contamination during the growth is therefore of great interest. In the present experiment, the main contamination source comes from the 1 mm diameter heated tungsten wire, placed close above the substrates. This contamination can also depend on the deposition process described in the experimental section. Tungsten impurity concentrations > 1015 cm -3 can considerably reduce the conversion efficiency of polycrystalline solar cells [20] .
In order to elucidate the presence of tungsten in the studied samples, SIMS analyses were performed by using an "atomika A-DIDA 3000-30" ion microprobe. 0 2+ was used as primary beam to etch samples. The ions were accelerated to 15 keV with a primary ion current of 1 gA.
The detection sensitivity of tungsten, which is supposed in low concentrations, was enhanced by adjusting the etching beam parameters: type of ions, acceleration voltage and beam current. O 2+ was preferred to Ar + as primary beam, because it produces a large ionization enhancement effect. Likewise, a high acceleration voltage of the primary beam enhances the ionization ratio, and finally, a high primary ion-beam current causes higher etching rates increasing the secondary-ion current and consequently the detection sensitivity. The secondaryion-optics parameters were also adjusted to improve transmission of high masses to the quadrupolar analyzer.
SIMS analysis of films was carried out in the massspectra mode in the range of 179 to 188 ainu covering the tungsten-isotope masses. All the samples gave very similar spectra. The spectra show very low intensity signals for the different tungsten isotopes and the natural isotopic occurrence of tungsten-isotope signals was not found. The tungsten-signal intensity was in all the samples for all the tungsten isotopes lower than 1 c/s, the same order of magnitude found in the background signal of the analyzer in the scanned mass range.
From these results we can conclude that the amount of tungsten, in the samples studied, is below the detection limit of the SIMS. With the current working parameters, the detection limit of tungsten in silicon is of the order of 1016 cm-3, so that the maximum amount of tungsten is < 1 ppm. 
Mechanism of film 9rowth
It is not possible, in the framework of this preliminary work, to completely describe the present crystallization mechanism. Only some features can be pointed out, taking into account that the hot wire plays two roles: dissociating the gas and supplying energy for the crystallization.
The role of hydrogen.
It is generally accepted [3, 4] that a heated wire induces pyrolytic dissociation of silane and hydrogen molecules, mainly following the reactions:
Sill, + heated wire -~ Sill3 + H,
H2 + heated wire --, 2 H.
The dissociation rate of these reactions depends on the silane and hydrogen densities in the gas as well as on the filament decomposition efficiency, which increases with temperature in the range 600 1800 ° C. As the filament temperature in the present experiment is 1600 ° C, reac- (1) is the dominant mechanism of silane dissociation and, therefore, an appreciable flux of Si and H radicals and a smaller one of Sill3 will diffuse to the substrate [3] . In transit, these radicals interact mainly according to the following reactions:
Si + Sill4 --, Si2 H2 + H 2 (or 2 Sill2).
The contribution to the film growth of the species produced in the gas-phase reactions (4) and (5) is not significant at low silane pressure but increases with pressure. The reactions of Si in the gas phase at high silane pressures gives, as a result, reactive polymers of stable molecules such as disilane. The SiHa radicals produced in (2) and (4) are not able to react with Sill4 and the reaction rate of Si atoms with H 2 p r o d u c i n g Sill 2 seems to be negligible [3] . Therefore, the main film precursors are expected to be Si and H at low pressure and Si, H, Sill3 and polymers at higher pressure. In the present study, when silane diluted in hydrogen is used, the silane partial pressure is 2.1 Pa and the total gas pressure is 21 Pa. As these experimental conditions are not very different from those reported in the 0.5 Pa silane pressure HWCVD study [3] , we expect in our case, a film precursor composition of Si and H but with slightly higher amount of Sill3 radicals produced not only by reaction (2) but also (4) . In experiments with higher silane pressure, similar to those reported in [2] , the precursors are dominated by the gas-phase reactions, and, therefore, a high Sill3 contribution is expected.
The increase of hydrogen partial pressure in mixtures containing a few Pa silane partial pressure contribute to an increase in atomic hydrogen precursors via reaction (3), and consequently Sill3 precursors via reaction (4) . The crystalline structures observed in the present study represent growth from Si radicals and, to a smaller extent, Sill3 and Si2H 2 together with a very large contribution of H atoms. When 21 Pa pure silane pressure is used without H2, the density of H precursors is reduced while the Sill3 and S i l l 2 densities could be significant. This suggests that the obtention of poly-Si structures could depend on the ratio H/SimH, of species contributing to film growth. Of course, molecular and/or atomic hydrogen can be involved in surface reactions, acting in different processes of the film condensation, such as nucleation by changing the surface reactivity, or in micro-epitaxial growth. Further experiments aimed at the optimization of silane and hydrogen partial pressures, could lead to an understanding of the role of hydrogen in the deposition of poly-Si film structures with larger crystal grains.
The role of filament radiation.
A crystallization process requires thermal energy, furnished, in the present experiments, by the heated filament itself, emitting a large amount of IR and visible radiation. This radiation could favor the crystallization process in a more efficient way than the substrate holder heating commonly used in PECVD. Moreover, it is interesting to note that the temperature gradient across the film is inverted for the present HWCVD process with respect to a PECVD process. In the first case, the temperature decreases from the substrate to the top of deposited films. In PECVD, the opposite is true. The filament radiation impinging on the substrate depends on the filament temperature and on the filament-substrate distance. These considerations suggest that an interesting study to elucidate HWCVD crystallization would be, by using substrate-substrate heating, the comparison of films deposited at the same substrate temperature but different filament-substrate distances and different deposition rates.
2.3.3
The role of the deposition rate. It is well know that the deposition rate is an important parameter governing the structural properties of growing a-Si:H films. Moreover, in PECVD, the transition from amorphous to microcrystalline growth is only obtained at very low deposition rates (< 1 A/s) under H 2 dilution. The present experiments, where the growth rates are much higher (9.5-37/~/s for samples showing polycrystalline structures) are not extensive enough to allow us to outline the effect of deposition rate on the polycrystalline growth properties. This effect is certainly much smaller than in the case of the hydrogen dilution, but its optimization could allow the obtention of better Si polycrystalline films.
Finally, it is interesting to note that since a 10 ~tm film thickness was obtained with polycrystalline structures, it is possible to envisage thicker films, up to a thickness of 30 gm or more.
Conclusions
Morphological and structural studies performed with X R D , R a m a n spectroscopy, SEM, T E M and T E D show that poly-Si films can be obtained in a H W C V D reactor when silane diluted in hydrogen is used as gas precursor. The dilution in hydrogen appears to be essential since a-Si:H films are obtained with pure silane, in identical deposition conditions.
A columnar crystalline structure with 0.3-1 gm crystallite sizes was observed with preferential orientation in direction [220] . In all polycrystalline samples, crystal columns extend from the substrates to the top of the films. The growth rate of poly-Si films ranges from 9.5 2k/s to 37 ~/s. The m a x i m u m amount of tungsten impurity concentration in the poly-Si samples was estimated to be 1026 cm -3 by SIMS analysis.
The results of this preliminary study of H W C V D applied to the deposition of poly-Si appear very promising. Provided that optical and electronic properties prove satisfactory, one can foresee the possibility of fabricating efficient polycrystalline solar cells of low cost and large area as well as other opto-electronic devices.
Nevertheless, an further work has to be accomplished in order to understand the growth mechanisms, to get a good parameter optimization and to develop opto-electronic devices.
